The proton-pumping NADH:ubiquinone oxidoreductase (complex I) couples the transfer of electrons from NADH to ubiquinone with the translocation of protons across the membrane. 
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contains the FeS clusters N2, N6a and N6b (9, 11) , while a chromophore with a yet unknown chemical structure has been detected in the membrane fragment (16) (17) (18) .
The so-called isopotential FeS clusters N1a, N1b, N3, N4, N6a and N6b show similar midpoint potentials ranging from -0.28 to -0.24 mV. Together with the FMN (E m, 7 = -0.26 mV) they form the electron input part of complex I involved in NADH oxidation (4) . Electrons are transferred further to the high-potential cluster N2 (E m, 7 = -0.22 mV). Cluster N2 is located on NuoB (11, 19) . This subunit contains solely three conserved cysteines as possible ligands (7) . The fourth ligand of cluster N2, which may even reside on another subunit, remains to be established.
The midpoint potential of FeS cluster N2 is, in contrast to most other clusters, pH dependent (20) .
Therefore, it has been proposed that N2 is the electron donor to quinone and directly involved in proton translocation (13, 20) .
If cluster N2 is involved in proton pumping, its redox reaction should be coupled to a protonation/deprotonation of the cluster itself and/or of surrounding amino acids. Recently, we were able to show that the reduction of N2 is coupled with a deprotonation of an Asp or Glu side chain by means of electrochemically induced FT-IR difference spectra (18, 21) . In this study, we show that the reduction of cluster N2 is associated with the protonation of two tyrosine side chains. Mutants of the three conserved tyrosines on NuoB were generated by complementation of a chromosomal nuoB deletion strain with expression of nuoB from a plasmid. Complementation of the nuoB deletion strain with either wild-type or mutated nuoB resulted in a fully assembled, active and stable complex I. EPR-spectroscopy of complex I isolated from the mutants revealed a shift in the signal of cluster N2. While the single mutants exhibited wild type NADH oxidase activity, the Y114/Y139 double mutant showed a 80% reduced activity. FT-IR spectroscopy revealed that tyrosine 114 and 139 on NuoB are both involved in the protonation reaction coupled with the reduction of N2. 5 
MATERIALS AND METHODS:

Materials and Strains:
E. coli strains DH5alpha (22) , AN387 (23) and ANN023 (V. Spehr, T. Bischof, and T.
Friedrich, unpubl. results) and the plasmids pSTBlue-1 (Novagen) and pBAD33 (24) were used.
Strain ANN023 is a derivative of strain AN387 and contains a chromosomal in-frame deletion of nuoB. When required for maintenance of plasmids, chloramphenicol was added to 20 mg/l and ampicillin to 100 mg/l. All enzymes used for recombinant DNA techniques were from Roche (Mannheim). All other chemicals were from Merck (Darmstadt), Serva (Heidelberg), or Sigma (München).
Site-directed mutagenesis and expression of the nuoB gene:
E. coli genomic DNA was prepared with the Genomic DNA Purification Kit (MBI). The entire nuoB gene was amplified from E. coli genomic DNA as template and cloned into pSTBlue-1.
Mutations in nuoB were created using either the QuickChange or ExSite PCR-Based site-directed mutagenesis kit (both from Stratagene) and are given in Table 1 . Sequences of all plasmids were confirmed by DNA sequencing. pSTBlue-1 containing nuoB was digested with KpnI/SacI and the resulting 860 bp fragment was cloned into the expression vector pBAD33. The resulting plasmids were named pBAD-B type with type defining either the wild type gene or the corresponding mutation.
The plasmids carrying the mutation were used for transformation of the deletion strain ANN023.
Transformants were grown in a 10 l culture of LB medium at 37°C. Arabinose was added to a final concentration of 0.2 % (w/v) at an OD 600 of approximate 0.5. Three hours after induction, 30-40 g of cells were harvested by centrifugation for 10 min at 4,000 g. Cells were washed with 50 mM MES/NaOH, pH 6.0 and stored at -80°C. Table 1 Isolation of complex I from NuoB mutants:
In principle, complex I was isolated by means of a procedure developed for a strain overproducing complex I (10). However, the membranes of the mutant strains were not washed with NaBr to remove ATP-synthase as described due to the lower amount of complex I. Therefore, the preparations contained detectable amounts of ATP-synthase, which, however, did not interfere with our assays. All steps were carried out at 4°C. 60 g cells were resuspended in 150 ml of 50 mM MES/NaOH, 0,1 mM phenylmethanesulfonyl fluorid (PMSF), pH 6.0, with 10 µg/ml DNAse I and disrupted by a single pass through a French Pressure cell (SLM Aminco) at 110 MPa. Cell debris was removed by centrifugation for 20 min at 36,000 g and cytoplasmic membranes were obtained by centrifugation for 1 h at 250,000 g. Membrane proteins were extracted by adding dodecyl maltoside to a final concentration of 3 %. The solution was gently homogenized and centrifuged for 1 h at 250,000 g. The supernatant was applied to a 60 ml Source 15Q (Pharmacia Biotech) column equilibrated in 50 mM MES/NaOH, 50 mM NaCl and 0.1 % dodecyl maltoside, pH 6.0. The column was eluted with a 700 ml linear gradient of 50-350 mM NaCl in 50 mM MES/NaOH, 0.1 % dodecyl maltoside, pH 6.0 at a flow rate of 4 ml/min. Fractions containing NADH/ferricyanide reductase activity were combined, concentrated by precipitation with 9 % (w/v; final concentration) poly(ethylene glycol) 4,000 and dissolved in 2 ml 50 mM MES/NaOH, 50 mM NaCl and 0.1 % dodecyl maltoside, pH 6.0. The protein was subjected to size-exclusion chromatography on a 180 ml Ultrogel AcA 34 (Serva) column in 50 mM MES/NaOH, 50 mM NaCl and 0.1 % dodecyl maltoside, pH 6.0, at a flow rate of 7 ml/h. Peak fractions were pooled and applied to a 10 ml Source 15Q (Pharmacia Biotech) equilibrated as described above and eluted with a 100 ml linear by guest on October 1, 2017
http://www.jbc.org/ Downloaded from gradient of 50-350 mM NaCl in the same buffer at a flow rate of 2 ml/min. Fractions with NADH/ferricyanide reductase activity were pooled and stored at -80°C. Complex I from wild type was prepared with the same procedure. The NADH dehydrogenase fragment of the complex was isolated as described (15) . For electrochemistry, the preparations were concentrated by ultrafiltration (Centricon 100, Amicon) to approximately 0.2 mM.
Electrochemistry:
The ultra-thin layer spectroelectrochemical cell for the UV/Vis and IR was used as previously described (25) . Sufficient transmission in the 1,800 cm -1 to 1,000 cm -1 range, even in the region of strong water absorbance around 1,645 cm -1 , was achieved with the cell pathlength set to 6-8 µm. To avoid protein denaturation, the gold grid working electrode was chemically modified by a 2 mM cysteamine solution as reported (25) . In order to accelerate the redox reaction, the following 
FT-IR Spectroscopy:
FT-IR difference spectra as a function of the applied potential were obtained simultaneously from the same sample with a setup combining an IR beam from the interferometer (modified IFS 25, Bruker, Germany) for the 4,000 cm -1 -1,000 cm -1 range and a dispersive spectrometer for the 400 -900 nm range as reported previously (26, 27) . First, the protein was equilibrated with an initial potential at the electrode and single beam spectra in the Vis and IR range were recorded. Then a potential step towards the final potential was applied and single beam spectra of this state were again recorded after equilibration. Difference spectra were calculated from the two single beam spectra with the initial single beam spectrum taken as reference. No smoothing or deconvolution procedures were applied. The equilibration process for each applied potential was followed by monitoring the electrode current and by successively recording spectra in the visible range until no further changes were observed. The equilibration generally took less than 8 min for the full potential step from -0.5 V to 0.0 V. Typically, 128 interferograms at 4 cm -1 resolution were coadded for each single beam IR spectrum and Fourier-transformed using triangular apodization. Up to 5 x 20 difference spectra have been averaged. The presence of atmospheric water vapor was avoided as described (21) .
EPR Spectroscopy:
Low temperature EPR measurements were conducted with a Bruker EMX 1/6 spectrometer.
The sample temperature was controlled with an Oxford Instruments ESR-9 helium flow cryostat.
Complex I at 10 mg/ml was reduced with a 1,000-fold molar excess of NADH in the presence of redox mediators as described (9) . The EPR tube was frozen in 5:1 isopentane/methylcyclohexane (v/v) at 150 K. The magnetic field was calibrated using a strong pitch standard.
Enzyme activity: 9 The NADH:decylubiquinone reductase activity of complex I was measured with a Perkin
Elmer 156 dual-wavelength spectrophotometer using the wavelength 340 and 400 nm and å of 6.3 mM -1 cm -1 . The assay contained 5 mM MES/NaOH, 0.1 mM NaCl, pH 6.0 and 50 µM NADH and 25 µM decyl-ubiquinone. The reaction was started by addition of 10 µg complex I (28). The NADH/ferricyanide reductase activity and the NADH oxidase activity were measured as described (29, 30) .
Other Analytical procedures:
Protein concentration was measured with the biuret method using BSA as standard. Sucrosegradient centrifugation in the presence of 0.2 % dodecyl maltoside was performed as described (9).
Following SDS-PAGE protein bands were either stained with Coomassie Blue or electroblotted onto 0.45 µm pore size nitrocellulose membrane (Schleicher und Schüll) according to (31) . A rabbit polyclonal antibody raised against NuoB was used for detection.
RESULTS:
FT-IR-spectroscopy of wild type complex I:
Electrochemically-induced FT-IR difference spectra of complex I contain contributions from redox-dependent changes in the protein structure and protonation states of cofactors and individual amino acids. In order to detect changes associated with the redox reaction of FeS cluster N2 we recorded FT-IR spectra of complex I at the potential step from -0.5 to 0.0 V (Fig. 1A, a) . The difference spectrum of complex I obtained for this potential step was compared with difference spectra of the NADH dehydrogenase fragment of complex I for the same potential step (Fig. 1A, b ).
Figure 1
The double difference spectrum ( spectrum and in the model compound spectra, a protonation of one or more tyrosine side chains was suggested to be coupled with the reduction of the enzyme. We set out to confirm this tentative assignment by site-directed mutagenesis of the conserved tyrosines on NuoB.
Complementation of the nuoB deletion:
Approximately 70 % of nuoB was deleted from the chromosome of wild type strain AN387
without interrupting the reading frame (V. Spehr, T. Bischof, and T. Friedrich, unpub. results). The resulting strain ANN023 was complemented with the wild type nuoB on the plasmid pBAD33, under control of the inducible pBAD promotor. This strain was called ANN023/pBAD33-B
WT
.
The presence of NuoB in the strains AN387, ANN023, and ANN023/pBAD33-B WT was determined by reaction of a specific antibody with blotted membrane proteins after SDS-PAGE (Fig.   2 ). NuoB was detected in the membranes of the strains AN387 and ANN023/pBAD33-B WT while it was missing in the membranes of strain ANN023.
Figure 2
We tested whether NuoB expressed from the plasmid was able to assemble an intact complex I with the residual complex I subunits encoded on the chromosome by sucrose gradient centrifugation (Fig. 3) . Dodecyl maltoside extracts of cytoplasmic membranes from strains ANN023
and ANN023/pBAD33-B WT were applied on a 12 ml sucrose gradient. Complex I from E. coli typically sediments two thirds of the way through the gradient as detected by its NADH/ferricyanide activity (9, 10) . No NADH/ferricyanide activity was detectable in the corresponding fractions of strain ANN023 indicating that complex I was not assembled in the absence of NuoB (Fig. 3) .
Instead, fractions in the first third of the gradient exhibited NADH/ferricyanide activity which stemmed from the alternative, non-proton pumping NADH dehydrogenase. The expression of this alternative NADH dehydrogenase is increased in the absence of complex I. The sedimentation profile of the extract obtained from strain ANN023/pBAD33-B WT showed NADH/ferricyanide activity in the fractions corresponding to the wild type enzyme (Fig. 3) . Western-blot analysis confirmed the presence of NuoB in the corresponding fractions (data not shown). Again, the alternative NADH dehydrogenase was detected in the first third of the gradient but in smaller amounts. These data showed that the assembly of complex I was restored by complementation of nuoB on a plasmid.
Figure 3
The amount of complex I in the cytoplasmic membranes of these strains was estimated from the (d-) NADH/ferricyanide activity as well as from the (d-) NADH oxidase activity (Tab. 2). The artificial substrate d-NADH was used to discriminate the two membrane-bound NADH dehydrogenases of E. coli (30, 36) . While NADH can be used by both NADH dehydrogenases, d-NADH preferently reacts with complex I. The d-NADH/ferricyanide activity as well as the d-NADH oxidase activity was nearly abolished in strain ANN023 lacking an assembled complex I. These activities were restored to wild type level in strain ANN023/pBAD33-B WT (Tab. 2). The NADH/ferricyanide and NADH oxidase activity of strain ANN023 was decreased to about one third of the wild type activity due to that of the alternative NADH dehydrogenase. Two thirds of the NADH oxidase activity was inhibited by 10 µM piericidin A in AN387 and ANN023/pBAD33-B
WT
The NADH oxidase activity of strain ANN023 was virtually not inhibited by piericidin A, demonstrating the lack of complex I in this strain. 
Site-directed mutagenesis of nuoB:
Among all subunits present in complex I from different sources, NuoB shows the highest degree of sequence conservation (4, 7). Alignment of the homologues of NuoB showed the presence of three tyrosine residues being conserved within all three domains of life (Fig. 4) .
Figure 4
Involvement of the conserved tyrosines in the protonation/deprotonation induced by the redox reaction of cluster N2 was advanced by constructing site-directed mutants. The mutants Y114C, Y139C, Y154H, and Y114C/Y139F of NuoB were expressed using the system described above. To determine whether complex I was assembled in the mutant strains, the (d-)
NADH/ferricyanide reductase activity and the (d-) NADH oxidase activity of cytoplasmic membranes were measured as described above. The strains carrying a single mutation exhibited activities with d-NADH as substrate comparable to the wild type strain AN387 and the complemented strain ANN023/pBAD33-B WT (Tab. 2) indicating that complex I in the mutants was able to transfer electrons from NADH to ubiquinone. The NADH oxidase activity in these mutant strains was inhibited by about two thirds by 10 µM piericidin A. Thus, the amount and the activity of complex I in the membranes was not influenced by the mutations introduced. The d-NADH/ferricyanide activity of the strain carrying the Y114C/Y139F double mutation was 50% reduced compared to wild type and this strain showed 20% of the d-NADH oxidase activity. NuoB was detected in the cytoplasmic membranes from this mutants by western blot analysis (Fig. 2) .
These data suggested that half of the amount of complex I with a strongly reduced activity is present in this strain.
Isolation of complex I from the mutant strains:
For spectroscopic characterization complex I was isolated from the mutants Y114C, Y139C, Y154H, and Y114C/Y139F. All steps were performed in the presence of 0.1 % dodecyl maltoside at pH 6.0. As an example, the preparation of the complex from the mutant Y114C is shown in Figure   5 . The other preparations showed similar elution profiles. The enzyme eluted from both anionexchange chromatographies on Source Q-15 at 280 mM NaCl and from the Ultrogel AcA34 sizeexclusion column at 70 ml (Fig. 5) . Thus, the mutant complexes showed chromatographic properties comparable to the wild type complex (10) . Approximately 1-2 mg complex I were obtained from 60 mg cells of the single mutant strains (Tab. 3), while less than 1 mg was obtained from the double mutant strain.
Upon SDS/PAGE the preparation was resolved into the 13 complex I subunits plus some protein bands due to the presence of ATP-synthase (Fig. 5) . The presence of NuoB in the preparations was confirmed by western-blot analysis (Fig. 2) . Complex I isolated from the single mutants catalyzed electron transfer from NADH to ubiquinone with a rate of 2.1 to 2.3 µmol NADH/min mg in the presence of 50 µM NADH and 25 µM decyl -ubiquinone. Complex I isolated from the Y114C/Y139F double mutant showed no NADH:decyl-ubiquinone activity. Under the same conditions the wild type exhibits an activity of 2.4 µmol NADH/min mg. Table 3 EPR spectroscopic analysis of the NuoB mutants:
NuoB contains three conserved cysteines which are bona fide ligands of cluster N2 (8, 14, 37 (Fig. 6) . The g x,y signal of N2 did not change. The EPR spectrum from the double mutant Y114C/Y139F showed no change in the g z signal of N2 with respect to its spectral position and amplitude. However, its g x,y signal was decreased by approximately 50% (Fig. 6 ) This spectral region was hard to evaluate due to the spectral overlap with signals from cluster N3 and N4. From these data it was evident that neither of the three tyrosines was a ligand of cluster N2, but that they were in close vicinity.
Figure 6 FT-IR spectroscopic analysis of the NuoB mutants:
The possible participation of the conserved tyrosines in the proton pathway coupled with the redox reaction of cluster N2 was investigated by means of FT-IR spectroscopy (21) . FT-IR spectra of the isolated complexes were recorded in an electrochemical cell for the potential step from -0.5 to 0.0 V (Fig. 7A) . Complex I isolated from the mutant strains was more unstable during the electrochemical measurements than the complex from wild type. This resulted in a lower signal to noise ratio of the corresponding spectra. Whereas the difference spectra of the Y154H mutant revealed only small variations in comparison to wild type spectra, strong variations were evident for the Y114C, Y139C, and Y114C/Y139F mutants in the amide I range, where the contributions of the polypeptide backbone are included. These shifts indicated structural rearrangement of the protein upon mutation of the tyrosine residues in NuoB. In addition, smaller variations for the full spectral range were seen.
In order to depict possible variations of the modes typical for the tyrosine residues, double difference spectra were obtained for the critical spectral range from 1,530 to 1,480 cm -1 , by subtracting the spectra of the mutant enzymes from the corresponding spectra of the NADH dehydrogenase fragment (Fig. 7B) . The absoption of the tyrosine residues proved to be located as shoulders of a positive peak at 1,506 cm -1 in complex I (Fig. 7B) .
The difference spectra of wild type complex I displayed a prominent signal at 1,515 cm (Fig. 3) . Using this system we were able to introduce point mutations in NuoB and to investigate the participation of individual amino acids in proton translocation of complex I.
The FeS cluster N2 is located on NuoB as indicated by site-directed mutagenesis of complex I from E. coli, Yarrowia lypolytica and Neurospora crassa (8, 14, 37) . Although N2 is a tetranuclear FeS cluster, NuoB lacks a canonical motif for the coordination of such a cluster (7, 12, 13) . Two out of four of the conserved cysteines on NuoB are located in the vicinity. Although it cannot be excluded, it is unlikely that both cysteines are ligands to the same cluster. The fourth ligand of this cluster remains to be detected. Here, we detected that the reduction of cluster N2 was linked with the protonation of tyrosine residues (Fig. 1) . It could be possible that one of these tyrosine residues is the fourth ligand of N2. However, EPR spectra of complex I isolated from the NuoB tyrosine mutants showed the presence of N2 in almost the same amount as in the wild type (Fig. 6 ). Complex I isolated from the mutants showed a shift of the signals of N2 (Fig. 6) . However, the change from a tyrosine to a cysteine, phenylalanine, or histidine ligand would have caused a more severe change of the cluster signal or even a loss of the cluster as for the E. coli and the N.
crassa complex (8, 19) . Therefore, the tyrosine residues on NuoB investigated in this study were located close to but did not ligate N2.
The mutations of the conserved tyrosine residues resulted in minor structural rearrangements of the protein backbone. This was evident from the enzymatic activity which was close to wild type level (Tab. 2) as well as from the EPR and FT-IR spectra (Figs. 6 and 7 ). These were the only effects detected in the mutant Y154H (and Y154F, data not shown). However, irrespective of the general changes in the spectra, the tyrosine signals at 1,515 and 1,498 cm -1 of complex I isolated from strains Y114C and Y139C were approximately halved in each mutant and absent in the double mutant (Fig. 7) . Our data implied that tyrosine residues 114 and 139 of NuoB were part of the proton pathway coupled with the redox reaction of cluster N2. It is noteworthy that the structural rearrangements upon electron transfer reported for the wild type enzyme (21) were strongly reduced in the Y114C/Y139F double mutant (Fig. 7) . The proton pump mechanism of complex I might be coupled to conformational changes of the complex (6, 28) . The loss of the conformational flexibility of the complex from the double tyrosine mutant is in line with the possible involvement of the two tyrosine residues in proton pumping.
The redox driven proton pump within complex I is suggested to be linked with the redox reaction of cluster N2 due to pH-dependence of its midpoint potential (20) . The pH dependence of N2 exhibits a slope of -60 mV/pH (20) implying that the redox Bohr group associated with N2 receives a proton in the reduced state and becomes deprotonated with the oxidation of N2. The protonation/deprotonation of tyrosine residues 114 and 139 of NuoB were coupled with the redox reaction of N2 in such a way that they might be discussed for such a redox Bohr group. However, the electron transport activity of the complex from the single mutants was comparable to the one of the wild type demonstrating an uncoupling of electron transfer involving N2 and protonation of the tyrosine residues. Thus, the individual tyrosine residues 114 and 139 on NuoB cannot represent the redox Bohr group associated with N2. However, complex I of the Y114C/Y139F double mutant exhibited only 20 % of the wild type d-NADH oxidase activity in the membrane (Tab. 2) and the isolated complex had no enzymatic activity. This implies the presence of a cluster of protonable groups including tyrosine residues 114 and 139 that sense the redox state of cluster N2.
It is not unusual that a single mutation within a proton pathway does not correlate with a loss of electron transfer activity. Previous detailed studies of other proton pumping enzymes such as cytochrome c oxidase showed this effect. There are two possible explanations for this phenomenon. organisms (42, 43) as well as by several residues forming the D-path of cytochrome oxidase (40, 41) . Our study could represent another example where the mutation of both tyrosine residues is needed to influence the enzymatic activity.
Mutations from a tyrosine residue to a cysteine, phenylalanine, and histidine residue, as presented here, still allow hydrogen bonding to be established. Therefore, it would still be possible to transfer protons in a large proton path as found for example in cytochrome oxidase. We note that a deletion of a putative hydrogen bonding would have induced strong but unspecific structural variations this would have prohibited a discussion of the spectroscopic data.
As a working hypothesis we speculate that tyrosine residues 114 and 139 on NuoB are protonated upon reduction of N2. The proton being released from the tyrosine residues upon oxidation of N2 is transferred via yet unknown groups to an acidic amino acid on NuoB which is subsequently protonated (21) . Thus, the redox reaction of cluster N2 would be linked with the uptake of protons by tyrosine residues and a release of protons to an acidic amino acid. This could initiate a directed proton movement given the right spatial orientation of the tyrosine residues and the acidic amino acid(s) around cluster N2.
Legend to the figures: 
